Abstract In this work, poly(lactic acid) (PLA) was melt blended with liquid natural rubber (LNR) and linear low-density polyethylene (LLDPE) to fabricate a PLA-LNR-LLDPE ternary blend. The torque rheology demonstrates the melt mixing behavior of PLA-LLDPE binary and PLA-LNR-LLDPE ternary blends. Mechanical properties of ternary blend illustrate the highest toughness as compared to neat PLA and PLA-LLDPE binary blend. Fracture morphology reveals the plastic deformation behavior in the ternary blend which is illustrated in TEM micrograph. The cold crystallization temperature of the ternary blend appears at a lower temperature as compared to the binary blend. The thermal stability of PLA is improved due to blending with LLDPE and LNR. The ternary blend exhibits greater storage modulus in the glassy state as well as in the rubbery state as compared to neat PLA and binary blend. Finally, LNR performed as an effective compatibilizer between PLA and LLDPE.
Introduction
The toughening of PLA incorporating LLDPE is a good strategy that employs the high toughness property of the LLDPE. To the best of our knowledge, characterization of LNR compatibilized PLA-LNR-LLDPE ternary blend has not been reported elsewhere. The aim of this work is to incorporate LNR as a compatibilizer for fabricating PLA-LNR-LLDPE ternary blend. In this article, the effect of LNR compatibilizer on structure, surface morphology and thermo-mechanical properties of the resulting ternary blend has been reported.
Experimental Materials
Poly(lactic acid) of Natureworks Ingeo TM Biopolymer 2002D grade supplied by Unic Technology Ltd, China was a thermoplastic resin used in this study. It has a density of 1.24 g/cm 3 and melt flow index of 4-8 g/10 min and melting temperature between 160 and 170°C. The injection molding grade LLDPE with a melt flow index of 1 g/10 min and melting point of 120°C was used. The melt flow index (MFI) was determined according to ASTM D1238 using Dynisco MFI2 melt flow indexer. The applied load was 2.16 kg at 190°C. The photochemical oxidized natural rubber of SMR L type with a density of 0.91 g/cm 3 was supplied from Malaysia Rubber Board. Other chemicals were used as received.
Compounding and torque rheology
The subsequent binary compounding and ternary compounding of PLA were performed in a laboratory internal mixer (Haake Polylab Rheo Drive 4, Thermo Electron Corporation, Germany) at 180°C with a capacity of 60 g. The blending was carried out for 15 min with a rotor speed of 50 rpm. The PLA was initially melted for 120 s and subsequently, 10 wt% LNR and 10 wt% LLDPE were incorporated after 20 s. This time frame was adequate to match the residence time in the compounding process. The torque value was recorded as a function of mixing time.
The compounded material was taken out from the mixer machine and then molded by a hot press into square-shaped mold (150 mm 9 150 mm 9 3 mm) at 180°C at 45 MPa of pressure for 13 min. The samples subjected for characterizations were neat PLA, PLA-LLDPE binary blend and PLA-LNR-LLDPE ternary blend.
Characterization

Fourier transform infrared spectroscopy (FTIR)
The chemical changes after blending were monitored by FTIR spectroscopy. The IR spectra were recorded using a PerkinElmer Spectrum 400 FTIR spectrometer with 4 cm -1 resolution and 10 scans. All spectra were recorded in the transmittance mode in the 4000-600 cm -1 region.
Mechanical testing
Stress-strain testing All compositions of the blend were tested and compared in terms of their mechanical properties. The tensile test was carried out according to ASTM D638 using a Testometric M350-10CT tensile machine (Testometric Company, Ltd. UK) under ambient conditions with crosshead speeds of 50 mm min -1 . The stress-strain properties values are taken from an average of five specimens.
Impact properties
The notched Izod impact testing was conducted at room temperature according to the ASTM 256 with the Ray-Ran Universal Impact tester (Ray-Ray Test Equipment, Ltd. UK). The specimen dimension was 64 mm 9 12.7 mm 9 3 mm. Specimens were notched at 2.54 mm depth at 60°a ngle on motorized Ray-Ran cutter prior to testing. The impact energy was reported in kJ/m 2 . The values are taken from an average of five specimens.
Fracture morphology
Scanning electron microscope (SEM) observation was performed on tensile fracture surface using a LEO 1450 VP SEM. Prior to the microscopy observation, the fractured surfaces were sputter coated with a thin layer of gold. In the case of transmission electron microscope (TEM), the tensile fracture specimen was trimmed into a trapezoidal shape and sectioned using Ultramicrotome (Leica EM UC7) at -100°C. The specimen was deposited onto the copper grid and observed by TEM (Tecnai G2-20) at an acceleration voltage of 40-200 kV.
Thermal analysis
Differential scanning calorimetry (DSC) Differential scanning calorimetric (DSC) measurements were performed under a nitrogen atmosphere on samples of 5-8 mg using a Mettler Toledo DSC 822 (Mettler Toledo (M) Sdn. Bhd.) apparatus. The sample was heated at 25-200°C at a scan rate 10°C/min. The glass transition (T g ), crystallization temperature (T c ) and melting temperatures (T m ) were determined. Polymer crystallinity was determined with DSC by quantifying the heat of fusion of the polymer. The degree of crystallinity (X c ) of blend was calculated from the following equation:
where DH m is the melting enthalpy of PLA and LLDPE homopolymer appearing in a heating cycle. DH [16, 17] .
The partial crystallinity of blend components (PLA and LLDPE) in the blend is also calculated theoretically using the following relation [18] Theoretical crystallinity C rth ð Þ % ð Þ ¼ Dynamic mechanical analysis (DMA) Dynamic mechanical properties of neat PLA, PLA-LLDPE binary blend, and PLA-LNR-LLDPE ternary blends were performed using a dynamic mechanical analyzer (DMA) Q800 (from TA Instruments, USA). A rectangular specimen with a dimension of 56 mm 9 13 mm 9 3 mm was used. The measurement was performed with three-point bending mode between -20 and 100°C, with a constant strain of 0.02% of the heating rate of 2°C/min, using liquid nitrogen as a cryogenic medium and controlled by 20 ml/min as the flow rate of nitrogen. Constant frequency of 1 Hz was examined with dynamic controlling. Storage modulus (E 0 ) and loss angle tangent (tan d) were recorded as a function of temperature.
Results and discussion
Torque rheology Figure 1 illustrates the melt mixing behavior of neat PLA, PLA-LLDPE binary and PLA-LNR-LLDPE ternary blend as a function of time. These mixing behaviors illustrate that there is a sharp increase in the torque of materials on the other hand which decreased with increasing the mixing time. The neat PLA exhibited around 44 Nm torque at the beginning whereas the corresponding torque of PLA-LLDPE and PLA-LNR-LLDPE compounds are 35 and 23 Nm. In the second stage, torque leveled off while the temperature increases exponentially with time and both reached their equilibrium values. However, the blends exhibited the higher torque around 5-15 min as compared to pristine PLA. It is suggested that different component existing in the blend are responsible for enhancing the torque. Moreover, the binary and ternary blend illustrated the similar torque which suggested that a homogenous blend of PLA-LLDPE and PLA-LNR-LLDPE was formed at that time [19] . Finally, the torque reduction can be attributed to the plasticizing effect of LNR as well as minimize the phase difference between PLA and LLDPE melting region [20] . Figure 2 demonstrates the FTIR spectra of neat PLA, LLDPE, LNR, the binary blend of PLA-LLDPE and the ternary blend of PLA-LNR-LLDPE. The characteristics wave number and vibrational mode are represented in Table 1 . The PLA spectrum represents the usual stretching vibrational mode of C-H in alkyl functional group at 2993 cm -1 . The relatively strong bending vibration peak of C-H appears at 1452 cm -1 . The carboxylic groups in PLA is represented by the strong In the case of LLDPE spectrum, the corresponding strong peaks appeared at 2919-2843, 1468, and 724 cm -1 due to C-H stretching, bending and rocking in the aliphatic hydrocarbon.
Fourier transform infrared spectroscopy (FTIR)
The spectrum of LNR represents the characteristic peaks for [C-H stretching and bending at 2905 and 1445 cm -1 , respectively. Additionally, the noticeable strong bending peaks of unsaturated carbon and hydrogen bond (=C-H) appear at 679-640 cm -1 . In the case of PLA-LLDPE binary compound, the spectrum demonstrates the characteristic medium peaks for C-H stretching at 2919-2843 cm -1 and the C-H strong bending peak at 1461 cm -1 which appeared approximately at the middle position corresponding to C-H of PLA and LLDPE. The strong peak of [C=O stretching of PLA-LLDPE binary compound which shifted towards the lower wave number appeared at 1747 cm -1 . In addition, the C-O strong stretching peak in the ester linkage of this binary compound is shifted and appears at 1185-1078 cm -1 . Therefore, the change of peaks' position for C-H bending, [C=O and C-O stretching in the PLA-LLDPE binary compound reveals that thermally induced interaction developed between PLA and LLDPE [21] .
The spectrum of PLA-LNR-LLDPE ternary blend represents the C-H bond stretching and bending at 2899 and 1413 cm -1 , respectively. The stretching vibration peaks of [C=O and C-O-in the ester linkage of the ternary compound appear at 1704 cm -1 and 1136-1040 cm -1 correspondingly. These observations reveal that C-H bending peak, [C=O as well as C-O-stretching peaks have been shifted toward the lower wave number. Additionally, the unsaturated carbonhydrogen (=C-H) bending peak does not appear in the ternary blend systems. Therefore, the PLA-LNR-LLDPE ternary blend spectrum concurs that in the presence of LNR a sound interaction has developed between PLA and LLDPE [22] . Figure 3 demonstrates the typical stress-strain behavior of neat PLA, PLA-LLDPE, and PLA-LNR-LLDPE compounded binary and ternary systems, respectively. The neat PLA exhibits as a rigid material with poor elongation. The PLA-LLDPE binary system reduced the rigidity of PLA as well as improved the flexibility by sacrificing the strengths. On the other hand, PLA-LNR-LLDPE reveals the higher strength as compared to the binary blend and enhanced the toughness as compared to neat PLA and PLA-LLDPE binary compound. Therefore, LLDPE and LNR modified the brittleness of PLA and LNR performed as a better toughening reinforcing agent [23, 24] . Figure 4 illustrates the tensile strength and tensile modulus of neat PLA, PLA-LLDPE and PLA-LNR-LLDPE binary and ternary compound. The corresponding Fig. 3 Typical stress-strain behavior of neat PLA, PLA-LLDPE binary blend, and PLA-LNR-LLDPE ternary blend tensile strength and tensile modulus of neat PLA are around 61 ± 3.4 and 1968 ± 337 MPa which are reduced by 41.80 and 34.70% due to the compounding of LLDPE with PLA. Whereas, in the presence of LNR in PLA-LNR-LLDPE ternary compound the tensile strength and tensile modulus were increased by 16.9 and 17.89%, respectively, as compared to the PLA-LLDPE binary compound.
Mechanical properties
Additionally, Fig. 5 shows the elongation at break and impact strength of neat PLA, PLA-LLDPE, and PLA-LNR-LLDPE. The corresponding elongation at break of PLA-LLDPE and PLA-LNR-LLDPE was increased by 265.78 and 826.31% as compared to neat PLA. Similarly, the impact strength of PLA-LLDPE and PLA-LNR-LLDPE was increased by 29.05 and 75.09%, respectively, as compared to the neat PLA.
Finally, the poor compatibility of LLDPE with PLA reveals the poor mechanical properties of PLA-LLDPE binary blend. LNR performed as a third-phase polymer to reduce the phase boundary and improve the compatibility of PLA and LLDPE. Additionally, it is suggested that LNR acts as a lubricant limiting friction effect and local overheating. As a result, the degradation of PLA is inhibited. Moreover, LNR developed considerable physical interfacial interaction between PLA and LLDPE which absorbs the fracture energy as well as enhanced stress concentration in the tough PLA-LNR-LLDPE ternary compound [9] .
Fracture morphology Figure 6i demonstrates the SEM micrographs of tensile fracture surfaces of neat PLA, PLA-LLDPE, and PLA-LNR-LLDPE blend. Likewise, Fig. 6ii illustrates TEM micrographs of the fracture surface of PLA-LLDPE (a) and PLA-LNR-LLDPE (b) blend. In SEM micrographs, the neat PLA micrograph shows several cavities which are in agreement with the low flexibility and impact strength. PLA-LLDPE blend exhibits weak interfacial adhesion with PLA; additionally, LLDPE formed large droplets. It seems that LLDPE droplets were located in the cavity of PLA and weak interaction took place between PLA and LLDPE. Additionally, the cavities are obvious in the vicinity of LLDPE droplets; therefore, LLDPE did not shear enough load with PLA. It is in agreement with poor mechanical properties of PLA-LLDPE binary blend [14] . On the other hand, on compounding of LNR with PLA and LLDPE, the size of LLDPE droplets reduce due to interfacial compatibilization. The cavities in the surrounding of LLDPE disappear; moreover, LLDPE droplets embedded well in the matrix and seem that LNR formed the interfacial interaction between PLA and LLDPE, which is in agreement with the greater mechanical properties as compared to PLA-LLDPE binary blend [9] .
Similar morphology was demonstrated in the TEM micrographs of PLA-LLDPE and PLA-LNR-LLDPE in Fig. 6ii . The LLDPE droplets and cavities are mentioned with white and red arrows, respectively. It is obvious that size of LLDPE droplets reduces and tiny cavities appear in the micrograph of PLA-LNR-LLDPE ternary blend.
Finally, well-embedded LLDPE droplets in the PLA are also evidence of good interfacial adhesion. Furthermore, small cavities and a certain degree of plastic deformation are prominent in the ternary blend. The fractographic observation of the PLA-LNR-LLDPE blend corresponded well to the impact strength.
Thermal analysis
Differential scanning calorimetry (DSC) Figure 7 demonstrates the DSC thermograms of neat PLA, PLA-LLDPE binary, and PLA-LNR-LLDPE ternary blends. The thermograms of those samples exhibited distinguishable glass transition endotherm, crystallization exotherm and melting endotherm. The corresponding transition temperatures are tabulated in Table 3 . There was no significant difference in glass transition temperature between neat PLA and PLA blends. However, the crystallization temperature of PLA-LLDPE binary compound appeared at a higher temperature. It seems that large droplets of LLDPE reduce the total interfacial contact area as well as inhibit the molecular motion of PLA [25] . Besides, the glass transition of PLA-LNR-LLDPE ternary compound appeared at a slightly higher temperature as compared to neat PLA and PLA-LLDPE binary compound. Additionally, the LNR decreased the cold crystallization temperature of a ternary compound as compared to the binary compound. Therefore, crystallization temperature at the lower temperature suggested that process of crystallization became faster due to the presence of LNR. The crystallinity of ternary blend was increased by 22.35 and 6.67% as compared to neat PLA and PLA-LLDPE binary blend, respectively. It is suggested that from LNR phase of the ternary blend, small molecules of LNR migrate and acted as nuclei for PLA [9] . The melting transition temperature of binary and ternary blends decreased as compared to the neat PLA. The difference in melting temperature is due to the deviation in crystal perfection of PLA blends. Therefore, in the presence of LNR, the compatibility was improved as well as crystallization was improved through physical crosslinking in the ternary blend [26] . Figure 8a , b represents the TGA and DTG thermograms of neat PLA, PLA-LLDPE and PLA-LNR-LLDPE blends. These thermograms illustrate materials' weight loss at a constant heating rate. The weight loss due to absorbing moisture on the surface of the specimen was negligible. It was found that the decomposition temperature of these samples is similar. The weight of binary and ternary compound was sharply lost from 317 to 380°C. Additionally, the weight loss of those compounds remained steady from 378 to 457°C, then the weight was gradually lost until 490°C. Whereas the neat PLA weight was sharply decaying from 308 to 390°C and residue content labeled off. At the final stage of heating, the compounded PLA showed higher residue content (Table 2 ) in comparison to neat PLA. The DTG thermograms reveal that neat PLA was decomposed at 367°C in a single stage, the binary and ternary compounds were decomposed in two stages; the corresponding peak temperatures of those stages are 367 and 475°C. 
Thermogravimetric analysis
Dynamic mechanical analysis
Dynamic mechanical analysis was carried out to evaluate the viscoelastic behavior of neat PLA, PLA-LLDPE binary, and PLA-LNR-LLDPE ternary blends below the glass transition temperature of PLA. Figures 9 and 10 illustrate the corresponding storage modulus and tan d (loss angle tangent) at 1 Hz as a function of temperature. In the glassy state the specimen exhibit greater storage modulus. It is due to the fact that in this circumstance, molecular motions are largely restricted to vibration and short-range rotation. Additionally, in this condition LLDPE and LNR has increased the storage modulus value of binary and ternary compound by 10 and 12% as compared the neat PLA, respectively. This is mainly due to enhancement of the crystallinity of blends as compared to neat PLA, which was predicted earlier in DSC analysis. Moreover, LNR as a nucleating agent enhanced the crystallinity of ternary blend, as a result, exhibits the highest storage modulus. This sort of enhancement in modulus is a good evidence of the reinforcing tendency of LLDPE and LNR in the PLA matrix.
The modulus drop appears in the glass-rubber transition zone of PLA, PLA-LLDPE and PLA-LNR-LLDPE compounds. Table 3 represents the corresponding storage modulus of those specimens. The modulus drop corresponds to an energy dissipation phenomenon displayed during the relaxation process where tan d passes through a maximum. This relaxation process involves cooperative motions of long chain sequences. The rubbery modulus is known to depend on the degree of crystallinity of the material. The LLDPE and LNR particles build physical crosslink in the blend and increase the modulus substantially. Around the glass transition temperature, the corresponding storage modulus of PLA-LLDPE and PLA-LNR-LLDPE increased by 7.74 and 10.10% in comparison with neat PLA. The highest storage modulus of ternary blend is attributed due to the incorporation of LNR Fig. 9 Storage modulus of (a) PLA, (b) PLA-LLDPE and (c) PLA-LNR-LLDPE blends which inhibits movement of PLA chain; resulting enhancement of modulus is significant. Figure 10 shows the variation in tan d as a function of temperature for neat PLA, PLA-LLDPE, and PLA-LNR-LLDPE blends. The tan d peak of PLA-LNR-LLDPE blend appeared at a lower temperature as compared to PLA-LLDPE blend due to plasticization effect of LNR and the better compatibility of PLA and LLDPE, whereas the intensity of the relaxation process was higher for neat PLA as compared to the binary and ternary blends and directly related to the drop of the modulus. This can be ascribed to combined effect of LLDPE and LNR which is responsible for damping properties. Moreover, it is a possible outcome of restriction of molecular motion of PLA polymer chains in the vicinity of LLDPE and LNR [27] .
Conclusion
PLA-LLDPE and PLA-LNR-LLDPE binary and ternary blends have been fabricated in this study by employing internal mixer at a constant rpm. The torque rheology of ternary blend demonstrated the lowest intensity due to the presence of LNR. The interaction between PLA and LLDPE was improved due to the presence of LNR illustrated in the FTIR spectrum. Additionally, the LNR contributed to the outstanding enhancement of elongation at break and impact strength of the ternary blend. Therefore, the toughness of the ternary blend obviously improved which was the key aim of this work. Morphology of ternary blend revealed apparent compatibility of PLA and LLDPE in the presence of LNR compatibilizer. Besides, the polyolefin long chains inhibited the molecular motion of PLA in the binary blend as a consequence enhanced the cold crystallization temperature of blends. Short chain of LNR performed as a nucleating and plasticizing agent which influenced the mobility PLA molecules retrieving the cold crystallization temperature in the ternary blend. Polyolefin and LNR jointly enhanced the thermal stability of PLA blends as was observed from TGA and DTG thermograms. In DMA thermograms, the ternary blend illustrated the highest storage modulus and the lower d peak temperature as compared to binary blend. So, it can be concluded that LNR played a key role in developing good interaction between PLA and LLDPE polyolefin besides enhancing the thermo-mechanical properties of the ternary blend.
